INTRODUCTION: Ageing and Alzheimer's Disease (AD) result in cerebellar atrophy, but it is unclear whether atrophy engages similar or distinct structural and functional cerebellar territories. METHODS: We performed a meta-analysis of cerebellar grey matter loss in ageing and AD. We mapped voxels with structural decline along cerebellar functional gradients that provide a quantitative measure of functional specialisation -Gradient 1 progresses from motor to default-mode territories; Gradient 2 isolates task-positive processing areas; Gradient 3 captures lateralisation differences in cognitive regions. RESULTS: We identified bilateral cerebellar atrophy in default-mode, cognitive control and attention networks in ageing, and right-lateralised AD-related atrophy in similar macroscale networks. Ageand AD-related structural decline showed partial spatial overlap. Functional localisation differences between ageing and AD atrophy were observed only on Gradient 3. DISCUSSION: These findings provide an unprecedented characterisation of structural and functional localisation differences and similarities in cerebellar atrophy between ageing and AD.
Background
Despite the earlier notion that the cerebellum is spared in Alzheimer's disease (AD), recent studies have started to elucidate detrimental effects of AD on cerebellar structure, which in some cases correlates with clinical disease ratings [1] [2] [3] . This is in line with the current understanding that the cerebellum is involved in a range of cognitive, motor, and affective functions by virtue of segregated cerebro-cerebellar loops [4, 5] . The healthy ageing process is also associated with changes in cerebellar structure, which are similar in magnitude to those observed in the prefrontal cortex and hippocampus [6] [7] [8] . These marked alterations highlight the importance of the cerebellum for our understanding of the cognitive ageing process. The early stages of AD are particularly difficult to differentiate from normal ageing effects due to the long preclinical phase during which pathological changes start to accrue undetected [9] . Therefore, it is of interest to investigate whether AD-specific pathological effects exacerbate age-related structural decline or exhibit specific patterns that are dissociable from normal ageing.
The cellular organisation of the cerebellar cortex is striking in its uniformity.
However, the anterior-posterior functional continuum from motor to cognitive regions and the unique cortico-limbic connectivity patterns of each cerebellar lobule suggest non-uniformity of age and pathological effects across this brain region [10] [11] [12] [13] .
Differential subregional vulnerability to age or pathology may be due to downstream influences resulting from cerebro-cerebellar synergism [6, 14] . Structural decline in the cerebellum may also have selective effects on distant neocortical regions [15] .
Indeed, neuroimaging studies have revealed covariation in grey matter volume throughout neocortical and cerebellar regions [16, 17] . Changes in cerebellar grey matter have significant effects on functional decline in older adults and neurodegeneration [1, 8] . Here we used coordinate-based meta-analysis to characterise the most consistent age-and AD-related changes in cerebellar grey matter [18] . This is preferable to lobular volumetry because functional boundaries of the cerebellum do not necessarily obey the parcellation into lobular subregions [13, [19] [20] [21] .
An important question concerns the interpretation of structural findings with respect to potential consequences on function. In most studies, this is based on the overlap between clusters of structural alterations and known atlases with discrete boundaries. Such an approach may miss subtle functional differences within a region or continuities between regions that become apparent on continuous mappings.
Recently, a continuous map of the functional organisations of the cerebellar cortex has been identified [21, 22] . The first functional gradient reflects a continuum from cognitive default mode to motor functions; the second isolates attentional processing; the third highlights left versus right hemispheric differences in the organisation of cognitive, but not motor functions [21] . As such, the third gradient suggests that cognitive processing in left and right hemispheres may be qualitatively different.
Here we use a novel tool to map our structural imaging findings onto these functional gradients [22] and to compare the distribution of structural age-and AD-related grey matter loss with respect to their functional localisation. These functional gradients allow a continuous representation of the organisation of the cerebellar cortex which can highlight even subtle functional neuroanatomical differences between AD and ageing [22] . These investigations will further our understanding of the role that grey matter decline in the cerebellum may play in age-related functional deficits and whether these patterns of age-related grey matter loss are distinct from those in Alzheimer's disease.
Methods
Here we present a condensed version of our methods. For a more detailed description of each step see Appendix A.
Literature Search
We carried out a systematic literature search on Pubmed and PsycInfo using search terms related to ageing and structural neuroimaging in the title and/or abstracts of peer-reviewed records that were published until October 1 st 2019 (Table 1) .
Inclusion criteria required 1) an analysis that compared healthy young and old subjects and 2) availability of coordinates of regions with grey matter decline. N=18 studies were identified for inclusion in the meta-analysis. Input for the analysis were coordinates of age-related decreased cerebellar grey matter volume or density and the sample size of each study. Figure 1 provides an overview of the selection procedure.
For further details see Appendix A (section A.1).
We also conducted an updated analysis of cerebellar grey matter decline in late-onset AD in n=13 studies based on our previous research [1] and newly identified studies. For a list of participants, imaging parameters and cerebellar coordinates in all included studies see Appendix B (Tables B1, B2 ).
Meta-Analysis
The coordinate-based random-effects meta-analyses on age and AD were carried out using anatomical likelihood estimation (ALE) using version 2.3.6 of GingerALE (http://brainmap.org) [18, 23, 24] . Details of this method are listed in Appendix A (section A.2). Briefly, the method searches for regions of convergence between coordinates of the input studies, modelled as Gaussian probability distributions around the centre coordinate to obtain one combined ALE image. We chose a cluster-level thresholding method. This method simulates random data sets across 1000 permutations with the same characteristics of the original data set used to create the original ALE image. The probability threshold for the clusters in the simulated data was set to p<.05 for a cluster-level family-wise error correction. The cluster-forming threshold was chosen to be p<.001 (uncorrected), which is one of the two recommended thresholds [25] .
It is important to note that a region of interest (ROI) based meta-analysis does not provide information about the likelihood or prevalence of cerebellar atrophy in older adults and AD but rather characterises the pattern of lobular grey matter loss in cases where cerebellar atrophy is indeed present.
Visualisation of results
Results were visualised using flatmaps created with the SUIT toolbox [19, 26, 27] and were plotted next to a flatmap of the network connectivity patterns derived from Buckner and colleagues [13] for side by side comparison (details in Appendix A, section A.3).
Conjunction image
To demonstrate the convergence between AD and ageing analyses, we created a conjunction in GingerALE based on the voxelwise minimum between the two thresholded ALE images derived from the AD and the ageing analyses [18, 28] (details in Appendix A, section A.4).
Gradient-based analysis of meta-analytic findings
To aid the topographical interpretation of our meta-analytic findings, we used a recently developed tool called LittleBrain [22] . LittleBrain maps the voxels identified in our structural analysis onto functional gradients that capture lowdimensional properties of cerebellar functional organization [21] . For details of this method see Appendix A (section A.5). Cerebellar Gradient 1 represents the principal functional axis of the cerebellum, including motor representations on one extreme (lobules IV-VI and VIII) and transmodal cognitive processing such as cerebellar default mode network regions on the other (Crus I/II and lobule IX). Gradient 2 isolates attentional processes moving along a task-focused to task-unfocused functional axis [21] . One end of this gradient includes anterior regions Crus I/II involved in the frontoparietal and attention networks, while the other end includes motor (lobules I-IV) and DMN regions (posterior Crus I/II). We also chose to include Gradient 3 in our investigations because it reflects differences in lateralisation of nonmotor functions.
Due to non-normality of gradient value distributions (Shapiro-Wilk tests, p<.001) differences between the AD and ageing gradient values were tested using permutation testing of differences in rank sums. We further computed the nonparametric effect size Cohen's U 1 , which measures the extent of overlap between two non-normal distributions [29] .
Robustness tests: jackknife procedure
Robustness of our results for the ageing and AD analyses to the removal of any single study was tested using a jackknife procedure, in which the meta-analysis was carried out without a given study (Appendix A, section A.6). We further tested whether the difference in the distribution of AD gradient values and the jackknife analysis gradient values remained robust to the removal of any one study.
Results

Healthy ageing meta-analysis
The ageing analysis involved 18 studies with 64 coordinates of cerebellar grey matter atrophy across 2441 subjects (Appendix B, Table B1 for details of included studies). Five clusters of reduced grey matter volume were identified (Figure 2a , Table 2 ; all local peaks p<.020). Cluster 1 was situated in right Crus II. Cluster 2 encompassed parts of right Crus I and lobule VI. Cluster 3 was in left Crus II. The fourth cluster of grey matter volume reduction was in vermal lobule VI, encroaching upon left hemispheric lobule VI. The fifth cluster was located in lateral left posterior hemisphere with peaks in Crus II and Crus I, with some extension into lobules VIIb and VIII.
Alzheimer's disease meta-analysis
The final dataset for the AD analysis comprised n=13 studies in 528 patients and controls with k=34 foci of cerebellar grey matter loss relative to controls. Study characteristics for the included studies can be found in Appendix B (Table B2 ). The meta-analysis revealed one large AD-related cluster of grey matter loss in the right posterior hemisphere ( Figure 2b ; Table 2 ; all p<.020). This cluster comprised one regional peak in lobule VI and three in Crus I with extension to Crus II. The inclusion of the additional studies in this analysis compared to our previous results increased the extent but not the peak location of this cluster [1] .
Conjunction between ageing and Alzheimer's disease
The conjunction image generated by GingerALE to compare the AD and ageing results demonstrated that there was one region of overlap between these two groups (p=.013; Figure 2c ; Table 2 ). This was a cluster in right Crus I/lobule VI that had emerged in both analyses.
Placing our meta-analytic structural results in context with functional gradients and networks of the cerebellum
For plots comparing distributions of gradient values for each single gradient between age, AD and the AD-age overlap see Figure 3 . A comparison of the clusters of age-related grey matter reduction from our meta-analysis with the network connectivity patterns derived from Buckner and colleagues [13] showed that the majority of age-related structural decline occurred in The ageing-AD conjunction voxels were located in regions that exhibit greater involvement in task-focused cognitive processes (high Gradient 2 values;
M=.995, SD=1.193; Figure 4c ). While grey matter loss in both AD and ageing involved DMN regions, all conjunction voxels overlapped with areas previously identified as belonging to the frontoparietal network [13] .
The distributions of gradient 1 and 2 values in healthy ageing and AD were highly overlapping (Gradient 1: Z=.394, p=.686; Cohen's U 1 =.202; Gradient 2:
Z=1.110, p=.265; Cohen's U 1 =.084; Figure 4a ). In contrast, regional grey matter loss due to healthy ageing was associated with higher median Gradient 3 values compared to AD-related structural decline (Z=-10.486, p<.001; Cohen's U 1 =.347), reflecting the involvement of only the right (AD) as opposed to left and right (ageing) cerebellar hemispheres in each group. For visualisation of the permutation results of the leaveone-out analyses refer to Appendix C, Figure C1 ).
Robustness tests: jackknife analyses
The detailed results of each jackknife procedure are reported in Appendix D.
For both the AD and ageing jackknife analyses there was no case in which removing one study from the analysis changed the label of the peak voxel of a cluster (Appendix D, Tables D1 and D2 ). Only slight shifts in peak voxel locations were observed. The jackknife procedure showed that healthy ageing clusters 1 and 2 in For the AD jackknife analyses, the main cluster remained present in all jackknife analyses but the cluster size was reduced in five cases, which tended to be when studies with larger sample sizes were removed (see Appendix D for details and for the special case of removal of Möller et al. [30] leading to an additional atrophy cluster in the left anterior cerebellar lobe. Here we focus on regions that were consistently identified as affected by AD).
Discussion
General Discussion
In this meta-analysis, we employed anatomical likelihood estimation to identify consistent patterns of cerebellar grey matter atrophy across 18 studies of healthy ageing. We further compared age-related decline to that observed in 13 studies of Alzheimer's disease. Age and AD exhibited grey matter decline in posterior cerebellum in Crus I/II and lobule VI. The most striking finding was the strict right lateralisation of grey matter loss in AD compared to bilateral decline in healthy ageing.
We then mapped regions of grey matter atrophy onto major gradients that govern cerebellar functional organisation. Using these gradients in combination with structural findings allowed a more nuanced characterisation of the functional profile of vulnerable cerebellar regions. The distributions of Gradients 1 and 2 were highly overlapping, supporting similarities of AD and age effects in terms of two out of the three functional axes of the cerebellum. Cerebellar regions affected by AD or age exhibit a strong bias towards cognitive as opposed to motor processing (Gradient 1).
Atrophied regions were similarly involved across the task-focused to unfocused continuum (Gradient 2). Gradient 3 values were significantly different between atrophied regions in AD and healthy ageing, reflecting the lateralisation effect shown in the ALE analysis. Gradient 3 highlights differences in cognitive processing in the two hemispheres, which are not present in motor functions. Note that the interpretation of Gradient 3 values does not simply pertain to spatial localisation of a cluster to the left or right hemisphere. In fact, Gradient 3 reflects higher functional lateralisation of cognitive functions as opposed to primary motor functions. The same regions in left and right homologues of the motor cerebellum (lobules IV-VIII) would be described with the same gradient values. However, left and right hemispheric areas of nonmotor processing (lobules Crus I/II, VIIb, IX) lie on two opposing ends of the spectrum [21] .
These findings suggest a dissociation between the functional connectivity fingerprint of left and right posterior cerebellar lobules and highlight their differential vulnerability to AD and age.
In summary, structural and gradient analyses combined paint a picture of divergent and convergent patterns of cerebellar vulnerability to age and AD. The pattern of structural atrophy was mainly non-overlapping. Affected regions did belong to the same lobules, however. They participated in the same large-scale discrete functional networks (DMN, frontoparietal, attention) [13] and were located in similar positions along two major functional gradients. Despite these similarities, differences along Gradient 3 allowed for the observation of age-AD divergence along alternative dimensions of cerebellar functional hierarchies.
Prior evidence of macroscale cerebellar changes in healthy ageing and Alzheimer's disease
In posterior cerebellar regions, grey matter volume has been associated with a variety of cognitive functions in healthy older adults, many of which co-localise with regions in our meta-analysis [8] . Positive associations between grey matter volume and long-term memory performance have been found for total cerebellar volume and lobules VI and Crus II [3, 11, 31, 32] , while greater scores on tasks involving executive function and processing speed are correlated with greater volumes in lobule VI and Crus I [33, 34] . A recent meta-analysis has shown underactivation in the ageing cerebellum to be a common finding compared to younger brains [35] . Future studies might examine whether decreases in grey matter in these regions identified here are driving such changes in BOLD activation.
Growing evidence highlights vulnerability of the cerebellum due to amyloid toxicity [36] . Accordingly, higher amyloid burden in healthy older adults is associated with grey matter loss across DMN regions, including cerebellum [37] . Cerebellar atrophy has been found in both sporadic and early-onset AD [2, 38] . This atrophy may contribute to the altered connectivity between hippocampus, cerebral, and cerebellar DMN regions already seen in early AD, individuals with mild cognitive impairment (MCI) and even healthy older adults with subjective memory complaints [3, [39] [40] [41] .
Similarly, the strongest genetic risk factor for AD (epsilon-4 of the apolipoprotein gene) has been shown to affect cerebellar communication with corticolimbic regions during memory tasks in young e4-carriers [42] . These effects in young e4-carriers bore a striking resemblance with the cluster in right Crus I/lobule VI that we identified here.
Our functional gradient visualisation showed that grey matter loss also occurred in regions of Crus I/lobule VI which are associated with the frontoparietal network [13, 21] . Structural decline in these regions may contribute to impairment in cognitive control of memory retrieval and other executive functions, including processing speed and working memory that are also a feature of AD [43, 44] .
Limitations and future directions
Previous studies have suggested that not only posterior but also anterior lobes of the cerebellum are susceptible to ageing [10, 45, 46] . Lobules I-V did not emerge in this meta-analysis. However, some studies assessed in our literature search did not include coordinates of grey matter loss and could not be included. Our analysis therefore likely underestimates the extent of grey matter reductions in the cerebellum in healthy ageing. Replication based on data from single subjects is an important next step.
As discussed above, prior studies and our findings converged to point to right regions of lobule VI and Crus I/II as particularly vulnerable to age, AD genetic risk and actual AD cases. AD may exacerbate the downward trajectory of this region already observed in healthy ageing shown here. Alternatively, the studies that found significant age-related grey matter loss in these regions may point out early declines that will later manifest as AD. We cannot test this possibility given the lack of longitudinal data in our analysis.
It is not clear to what extent cerebellar structural decline has clinical relevance for behavioural deficits in AD patients. Cerebellar deficits alone may not be sufficient to result in scores below the cut-off point for normal functioning in standard AD screenings because they are masked by the large number of test items that are insensitive to the deficits that cerebellar structural decline may cause [44] . It is possible that correlations between cerebellar grey matter and affective-cognitive functioning in AD may be detected with a more sensitive tool geared towards cerebellar deficits, such as the novel Cerebellar Cognitive Affective/Schmahmann Syndrome Scale [44] . This is an interesting avenue for future research.
Finally, our findings may be of relevance for studies aiming to determine optimal targets for neuromodulatory therapeutic approaches. Non-invasive modulation of cerebellar regions has been shown to have network-and task-specific effects on connected neocortical regions [47, 48] . Targeting cerebellar regions that are part of cortico-limbic networks most affected by AD through augmentative neuromodulation may bolster long-range connectivity.
Conclusions
Our analyses highlight vulnerability of posterior cerebellum to both AD and ageing (Crus I/II, lobule VI). The right lateralisation of AD atrophy compared to bilateral effects in healthy ageing was particularly striking. Spatial overlap between grey matter loss in both groups was relatively small. Nonetheless, regions of age-and AD-related structural decline were situated in similar positions along the two principal axes of cerebellar functional neuroanatomy (cognitive vs. motor and degree of task focus). In contrast, the functional profile of regions with age-and AD-related atrophy differed in terms of the tertiary gradient (lateralisation in cognitive territories). These findings show subtler differences in the functional fingerprint of regions impacted by AD and ageing that standard discrete parcellations of brain networks were not able to uncover. The lateralisation differences in cognitive domains suggests potentially different processing of the two cerebellar hemispheres in cognitive tasks [21] . These findings provide an unprecedented characterisation of structural and functional localisation differences and similarities in cerebellar atrophy between ageing and AD. More research is needed to better understand 1) the nature of these lateralisation differences in cognitive processing, 2) how age and pathology impact cerebellar computational processes, 3) how cerebellar interactions with other brain regions may influence cognitive decline or compensation in healthy ageing and AD, and 4) the role of cerebellar grey matter loss in the neuropsychology of AD. Figure 1 . PRISMA flowchart of the study selection procedure. Figure 2 . a. Cerebellar grey matter loss in across 18 healthy ageing studies. b.
Cerebellar grey matter reductions in Alzheimer's disease across 13 studies. c.
Conjunction of effects of healthy ageing and Alzheimer's disease on grey matter volume. Note that these results are based on the voxelwise minimum value from the two input analyses on ageing and AD. d. Cerebro-cerebellar resting-state networks as revealed in Buckner et al. [13] . All clusters are shown at p<.05 (FDR-corrected). . CC-BY-NC 4.0 International license It is made available under a author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
is the (which was not peer-reviewed) The copyright holder for this preprint . https://doi.org/10.1101/2020.02.04.20019380 doi: medRxiv preprint Figure 4 . The distribution of the voxels of age-related grey matter loss according to the three main functional gradients of the cerebellum for a. healthy ageing, b.
Alzheimer's disease and c. the conjunction of ageing and AD. Colour codes represent the functional resting-state networks identified in Buckner et al. [13] which are shown on a cerebellar flatmap in d. e. Gradient 1 represents the transition from motor tasks (lower values) to task-unfocused cognitive processing such as in the default mode network (higher values). f. Gradient 2 isolates attentional processing moving from task-unfocused (low values) to task-focused (high values) processes. g. Gradient 3
shows differences in lateralisation of non-motor processes [21, 22] . The regions identified in our meta-analysis at a statistically significant threshold of p<.05 (FDRcorrected) are plotted on top of each flatmap for healthy ageing (white outline) and
Alzheimer's disease (grey outline).
